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The purpose of this work was to design and construct a facility 
to calibrate accelerometers. A ceramic piezoelectric shaker and 
modified Michelson interferometer together with necessary electronic 
equipment were used. The system produced accurate and stable acceler-
ation at five discrete points from 1,000 to 5,000 cycles per second. 
The maximum calibration levels were approximately 50 g's. 
iii 
ACKNOWLEDGEMENT 
The author wishes to acknowledge his gratitude to Professors 
Charles L. Edwards and Lyle G. Rhea for their guidance and criticism 
during this research. 
The author also wishes to express thanks to Mr. Seymore Edelman 
at the National Bureau of Standards, who supplied the piezoelectric 
crystals used to construct the shaker. 
Thanks are also due to Mr. William Crede, Mr. Eugene Fadler, 
Mr. Douglas Schellman and Mr. Stephen Thompson for their many 
suggestions and time spent taking data. Special thanks goes to my 
wife Betty for her effort in typing and preparation of illustrations 
and graphs. 
iv 
TABLE OF CONTENTS 
Page 
ABSTRACT • • • • • ii 
ACKNOWLEDGEMENT • • • • iii 
LIST OF FIGURES • • • • • • • • • v 
LIST OF SYMBOLS • • • vi 
I. INTRODUCTION • • • • • l 
II. REVIEW OF LITERATURE • • • • • • • 3 
III. APPARATUS • • • • 5 
A. Amplifier System . 5 
B. Shaker Design and Construction • • 10 
c. Interferometer • • • 14 
l. Design and Construction • 14 
2. Theory of Operation • 15 
D. Operating Procedure • • • • 25 
F. Discussion of Results • • • 25 
IV. CONCLUSIONS AND RECOMMENDATIONS • • • • • • • • 30 
APPENDIX A • • • • • • • • • • • • • • 31 
BIBLIOGRAPHY • • • • • • • • • • • • • • 32 
VITA • • • • • • • • • • • • • • • 35 














Electrical Schematic ..................................... . 
Electrical Control Schematic •••••••••••••••••••••••••••••• 
Electrical System •••••••••• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Output Waveforms •••••••••••••••• . . . . . . . . . . . . . . . . . . . . . . . . . . 
Typical Barium Titanate Crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . 
Shaker Configuration •••••• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Shaker Head ••••••••••••••••.•••.•••••••••••••••••••••••••• 
Shaker and Interferometer ••••••••••••••••••••••••••••••••• 
Optical Schematic •••••••••• . ............................. . 
Interference Schematic •••••••••••••••••••••••••••••••••••• 
Frequency vs. Applied Voltage at a Resonant Point ••••••••• 
















LIST OF SYMBOLS 
Symbol Name Units 
I Brightness Lumens 
cm2 
K Constant Lumens 
cm2 
h Fringe Width em 
X Distance em 
' 
"r' Frequency rad 
sec 
(> Dununy Variable 
Bo Bessel Function 
~ Wavelength Angstrom 
A Amplitude in. 
g Acceleration of gravity in 
sec2 
s Displacement in 
v Velocity in 
sec 
a Acceleration in 
sec2 
f Frequency cycles 
sec 
G "g-level'~ in 
sec2 
I. INTRODUCTION 
With the increasing emphasis on measurement of dynamic loading 
conditions on structures and components in diversified environments, 
new measuring instruments are being rapidly developed. These units 
must be calibrated, which is often a formidable task. The acceler-
ometer is one of these instruments undergoing rapid improvements 
regarding accuracy and range of operation. The object of the thesis 
was to produce suitable motion to calibrate accelerometers over a 
wide frequency range. 
A known acceleration must be applied to the accelerometer and 
its electrical output recorded in order to establish a calibration 
point. Many of these points over a given frequency and amplitude 
range constitute a calibration curve. 
The amplitude and frequency of oscillation must be determined 
to calculate the acceleration, while the stability of the system is 
a function of the various components and their combination in the 
system. A piezoelectric shaker produced the oscillation to be 
measured. An audio oscillator supplied the input signal to a power 
amplifier which drove the shaker. An electronic counter measured 
the frequency of the sinusiodal output voltage and a modified Michelson 
interferometer was used to observe the amplitude of oscillation. 
The system produced suitable motion over the frequency range of 
1,000 to 5,000 cycles per second. This range could be extended 
through shaker modifications. The system provided good accuracy over 
this frequency range, while a maximum amplitude of approximately 
r"' 1"'\ __ , - - -- - ~ -- _, __ -- _] 
The "g-level" is defined as the acceleration produced divided 
by the standard acceleration. It is a commonly used term in vi-
bration studies. 
II. REVIEW OF LITERATURE 
Aepinus first established the electrical properties of heated 
tourmaline crystals in 1756. The "attracting power" of these crystals 
seems to have been recognized from·earliest times and were often called 
the "Ceylon Magnet". Brewster observed the electrical effects with 
various kinds of crystals and introduced the name pyroelectricity1 in 
1824. 
Paul-Jacques Curie and Pierre Curie were awarded the Plante Prize 
in 1895 for their discovery of piezoelectricity. 2 Piezoelectricity is 
the electrical phenomena exhibited when crystals are subjected to 
pressure. 
Piezoelectricity may be defined as an electric polarization pro-
3 
duced by mechanical strain and changing sign with it. Crystals may also 
be forced to deform by applying a voltage. (2)* These facts form the 
basis for the application of piezoelectricity in instrumentation. 
The piezoelectric shaker used in this project is only one of 
several types of shakers which may be built or are available commercial-
ly. The earliest shakers were mechanically driven and consisted of a 
crankshaft, connecting rod and driving head. These shakers had a very 
limited frequency response and quite often produced distortion 
due to bearing noise, etc. The most popular shakers today are 
1
'
2The prefixes 11pyro" and 11piezo" are derived from the Greek 
words meaning "fire" and "to press" respectively. 
*Refer to Bibliography for all references. 
electromechanical and are quite similar to the driving coil in a loud 
speaker. They are somewhat limited in frequency response due to large 
mass associated with the windings on the driver coil and head. The 
piezoelectric shaker has the widest operating frequency range, but is 
limited to discrete points. 
The piezoelectric shaker is used primarily at the National Bureau 
of Standards for calibration work and is described briefly in several 
papers presented by Edelman, Jones, and Smith in the period from 1952 
to the present (15, 16, 20, 21, 24). 
4 
It is necessary to determine frequency and amplitude of oscillation 
in order to calibrate accelerometers. In this method the frequency is 
determined utilizing an electronic counter and the amplitude observed 
by a modified Michelson interferometer. One of the simplest methods of 
determining amplitude is to almost "stop" the movement with a strobo-
scope and measure the amplitude with a microscope. This method is 
limited in frequency response by the stroboscopes available at the 
present time. The reciprocity method may also be used, but requires 
cumbersome mathematics with many assumptions. Advanced optical systems 
utilizing modified Michelson and Fizeau interferometers have been used 
extensively during the past thirty years for observing the amplitude of 
oscillation of crystals and shakers. Osterberg placed the method of 
interferometry with one moving surface on a firm theoretical basis in 
written communications of 1929 and 1932 (18, 19). Edelman, Smith and 
Jones describe work utilizing the interferometer in the period from 
1952 to the present (15, 16, 20, 21, 24). 
III. APPARATUS 
A. Amplifier System 
The purpose of the power amplifier was to supply the shaker with 
sufficient electrical energy to produce motion. Since the input signal 
was small, the amplifier must have sufficient gain in voltage to drive 
the shaker with a "clean" signal (free of distortion). 
5 
The sinusoidal input signal was supplied by a Hewlett-Packard 
audio oscillator, Model 201C. A ten turn precision potentiometer was 
connected to the input to facilitate precise amplitude control, (Figure 
2). The input frequency was monitered by a Beckman Counter Model 5230B. 
A Stromberg-Carlson power amplifier, Model 70807, was used. It 
produced a linear output at approximately 100 watts over the frequency 
range of 500 to 12,000 cycles per second. A 2,000 ohm resistor was 
placed across the output to provide a continuous load, to avoid damage 
to the amplifier and keep the output voltage high (Figure 2). 
The counter provided good accuracy, ±1.0 cycle per second, however, 
the oscillator was not very stable. Deviations of +5.0 cycles per 
second were quite common during the runs. This is, of course, a source 
of error since the acceleration is a function of the frequency squared, 
+0.000011 g's at 5000 cycles per second. The maximum error due to 
frequency fluctuation was +0.0001%. The precision potentiometer ar-
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Figure 3, Electrical System 
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Figure 4, Output Wavefonns . 
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B. Shaker Design and Construction 
A ceramic piezoelectric shaker was chosen since it is relatively 
easy to construct and has a wide operating frequency. The primary 
disadvantage is that only a few discreet points, corresponding to 
mechanical resonant points, produce sufficient amplitude of oscillation 
for calibration purposes. 
Barium titanate crystals with nominal dimensions as shown in 
Figure 5 were used as the shaker nucleus. The crystals were polarized 
radially with the inner and outer faces silvered. Electrical leads 
were attached to the silvered faces. An alternating electric sinusoidal 
signal was applied between the inner and outer faces, causing the 
crystals to expand and contract radially, corresponding to the frequency 
of the applied signal. The radial expansions and contractions were 
accompanied by longitudinal expansions and contractions, due to the 
elastic nature of the crystals. These expansions and contractions were 
very small, however, by arranging many crystals in a stack, Figure 6, 
the motion produced was of sufficient amplitude to analyze. As previ-
ously mentioned sufficient amplitude of oscillation could only be ob-
served at the mechanical resonant frequencies of the shaker. By chang-
ing the length of the crystal stack the mass of the shaker is changed, 
which changes the resonant frequencies. By increasing the shaker mass 
the resonant frequencies are lowered. Twelve crystals were selected, 
with the intent of covering the frequency range from 1,000 to 10,000 
cycles per second. 
Forces were developed at each end of the crystal stack. One end 
was attached to the base and was stationary, and the other end was 
Direction of Polarization 
1 , Is 
Figure 5, Typical barium titanate crystal, showing nominal 















Figure 7, Shaker head with test accelerometer in mounted position 
14 
free to vibrate. The base was designed to absorb the energy from one 
end while the shaker head attached to the other end, was rigid, to 
transmit the motion to the accelerometer being calibrated, Figures 6, 7. 
The base was constructed of brass and weighed approximately fifteen 
pounds. The leveling screws on the outer circumference rested on a 
steel pad and cushion used to isolate the shaker from the building. 
The shaker head was designed to be rigid and light weight. The 
head was made of T-6 aluminum and consisted of a collar cemented to the 
top crystal and disk fastened to the collar by small screws. The mirror 
was then cemented to the top side of the disk and provision was made to 
screw the accelerometer onto the bottom. The collar and disk were de-
signed with a very high natural frequency to provide a rigid connection 
for mirror and test specimen. 
The crystals constituting the stack were fastened together by means 
of HYSOL AS-4326 and H2-3561, a special room temperature curing epoxy. 
The inner and outer silvered faces were connected in series electrically. 
The leads were first soldered, then covered with HYSOL KS-4238 and 
H2-3475, conductive epoxy. The conductive epoxy was used to insure that 
the leads did not fail under the test environment. 
C. Interferometer 
1. Design and Construction 
The object of the interferometer was to observe the amplitude of 
oscillation produced by the shaker. The theory of operation is dis-
cussed in the latter portion of this section, but it is well to men-
tion that the interferometer produces Newton rings. The appearance 
15 
and disappearance of these Newton rings at discrete amplitudes forms the 
basis of determining amplitude. 
The optical system consisted of a low power microscope with a 
partially silvered mirror inserted between the objective and eyepiece, 
Figure 9. A point source of monochromatic light was used to illuminate 
the field. The light must leave the objective lens as a collimated 
beam, which means the light reflected from the partially silvered mirror 
must pass through the focal point of the objective lens after leaving 
the condenser lens. The collimated beam then passes through the plano-
convex lens and upon returning from the mirror interfers with the orig-
inal beam. 
The optical components were salvaged from an Air Force surplus 
bombsight and there was a practical limit to the power of the microscope, 
spacings, etc. The final microscope constructed was approximately 20X 
and the plano-convex lens had a focal length of 200mm. The arrangement 
produced sharp, but closely spaced Newton rings. 
2. Theory of Operation 
The following derivation, which relates the amplitude of vibration 
to the Newton rings, was given by Osterberg in the Journal of the Optical 
Society of America in 1932 (19). 
When one of the mirrors of a Michelson interferometer is moved in a 
direction perpendicular to its plane, the Newton rings shift laterally. 
The instantaneous brightness of any point in the oscillating fringe sys-
tem is a function of time and amplitude, and the frequency of oscillation 
should be more than 25 cycles per second so that the visual brightness 
at any point will be the time average of the instantaneous brightness. 
16 
. - ~ 
Figure 8 , Shaker and Interferometer . 
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Eyepiece Lens Assembly 
Beam Splitter Mirror 
Plano-convex Lens 
Oscillating Mirror~~~~~;;~~==~F===~~-, 
Figure 9, Optical schematic of interferometer. 
With the interfering beams at equal intensity and the mirror 
surfaces uniformly illuminated, the brightness at standstill may be 
written: 
where: 




h------------fringe width (em) 
x------------distance measured perpendicularly the 
fringes (em). 
When the reflecting mirror is moved in simple harmonic motion 
of amplitude A0 and frequency 1 the instaneous brightness Ii at any 
I 




where (x- A0 cos 2~t) represents the simple harmonic motion of the 
reflecting mirror. The resultant brightness I, which is the time average 





2~ x S 
0 
cos ( z cos{> ) 
-i:rsin2-r;:;x J: sin {z cos~) ct{> J 
where: 
(3} 
Evaluating these integrals: 
fs:n (z cosf') df/> = 0 (3a) 
011" 
£cos (z cos~) dt/J = B0 (z) (3b) 
where B0 (z) is the Bessel Function of order zero. 
The next step is to relate the amplitude of oEcillation to the 
wavelength, A , of light used. 




Referring to Figure 10, ray PQ is partially reflected at the 
upper surface along line QR. The refractive index of the film is 
N and the thickness is D. Ray PQ is also partially reflected along 
QSTV, and the interference occurs between rays QR and TV. The 
optical path difference, AL, between these rays is: 
ll L = N (QS + ST) - QM 
or: 
~L = N (QS + SL) 
rewriting in terms of the angles of incidence and reflection: 
l:J. L = ND (sec I') (1 + cos 2I') 
or: 
A L = 2ND cos I 
19 
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p R v 
D 
Figure 10, Interference Schematic. 
Since this film is air N = 1. 
Rewriting: 
AL = 2D cos I 
A phase shift ofiT, which corresponds to i in length, will produce 
dark fringes, destructive interference. In order to go from a dark 
fringe to a dark fringe: 
n~ = 2D cos I. 
This is commonly called the cosine law. When a wedge or plano-
convex lens is inserted in place of the parallel surfaces, the angle 
of the wedge must be quite small and the cosine law may be used to 
calculate the wedge thickness or change in wedge thickness which 
corresponds to moving from dark fringe to dark fringe. 
Let h denote the width of a dark or light fringe, then: 
l _A = 2~D 
or:: 
That is the mirror must be moved 1 in order to move across a 
light and dark fringe, 2h. This may be written: 
21 
or: 
~ = 2h 
2 
>-= 4h,; 




the expression may be rearranged so that: 
Substituting into the equation for resultant brightness gives: 






The fringes disappear, at uniform illumination of the field, where 
B0 <
4)\A} = 0. The disappearances are quite sharp and represent 
an exact amplitude of oscillation. There are an infinite number of 
values of A which will satisfy the above condition for fringe 
disappearance using a particular light source. The first five 
disappearances (No. of Zero) are tabulated and given below. There 
is a practical limit to the number of disappearances which may be 
obtained, an examination of equation (6) shows that the intensity 
is decreased with each successive disappearance and no more than 
five disappearances~.have been noted in previous work. 
22 
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A sodium vapor lamp was used as the light source on this particular 
interferometer. The following table is based on a mean wavelength of 
5893 A o. 
NUMBER ROOT A A A 
OF OF ~ 
ZERO B0 (x} (em x 105} (in. X 105) 
1 2.40 .191 1.13 .445 
2 5.52 .439 2.59 1. 02 
3 8.65 .688 4.06 1. 60 
4 11.80 • 938 5. 53 , 2.18 
5 14.90 1.190 7.01 2.76 
The theoretical values as given in the table were checked by S. H. 
Cortez and his findings published in the Journal of the Optical Society 
of America in May, 1934, (13} and more extensively by W. J. Kennedy and 
published in Journal of the Optical Society of America in February, 
1941, (17). Their work showed that the theoretical values of amplitude 
of oscillation was in excellent agreement with the values as given in 
the table. 
0 0 
The sodium spectrum lines are 5890 A and 5896 A (8). This gives an 
error of T 0.24 x 108 inches, which corresponds to an error in accelera-
tion of ± 0. OS%. 
The next step was to develop an expression relating the amplitude 
and frequency of vibration to the acceleration or "g" level. The 
24 
equations of motion are utilized to develop an expression for accel-
eration assuming simple ha~onic motion. 
The equations of motion of a body in simple ha~onic motion may be 




s = ~ sinwt: 
s----------displacement (inches) 
A----------amplitude of displacement (inches peak to peak) 
U>----------angular frequency (rad) 
sec 
t----------time (sec) 





. . . 
s = v = a = At;} sinu)t 
2 
a----------acceleration ( in2 } sec • 
In order to obtain the "g" level, divide the acceleration by the 
standard acceleration due to gravity. 
25 
G ~ = -AW2 sinwt 
gc gc 




D. Operating Procedure 
With the interferometer properly aligned (see Appendix A for 
interferometer aligronent) the assembly was lowered over the mirror on 
the shaker head until a fringe pattern was obtained. A few thousandths 
of an inch sep:i.ra.tion was allowed to pennit the mirror to osci lla.te 
without touching the lowest lens. The electronic equipment was 
allowed a minimum of one hour warm up time, to take advantage of 
maximum stability. The input frequency was set at a calibration 
point and the amplitude slowly increased with the Helipot gain 
control until the fringe pattern disappeared. The output voltage 
was monitored on the oscilloscope to check for distortion and the 
frequency, including variation, read on the counter. The output vol-
tage was read and together with other appropriate data constituted a 
point on the calibration curve. The amplitude was steadily increased 
until the next disappearance occured and again the data was taken. The 
frequency was then set on the next calibration point and the entire 
procedure repeated. 
E. Discussion of Results 
The purpose of this project was to design a system capable of 
producing a stable, known acceleration which could be used to 
calibrate accelerometers. The preceding discussion shows that the ac-
celeration can be determined quite accurately if the amplitude and 
frequency of oscillation are known. 
26 
The calculations of acceleration were all based on the assumption 
that the motion produced was simple harmonic motion. There was no ac-
curate method of determining the amount of distortion, but the amplifier 
output signal was carefully monitored (Figure 4), and showed no apparent 
distortion. The mechanical structure of the shaker itself would also 
provide filtering to give a simple harmonic motion. This could intro-
duce some error, probably very small. 
Figure 11 shows the variation in applied voltage at the first 
resonant point. More voltage was required to drive the shaker when 
not operating exactly at the resonant frequency. For each resonant 
point a curve similar to Figure 11 was made, these curves were then 
combined to form a curve over the resonant frequency range as in 
Figure 12. 
In Figure 12 the applied voltage was plotted as a function of 
frequency. The data points correspond to the mechanical resonances of 
the shaker. The curves for successive runs follow the same trend, but 
setting the applied voltage is not a sufficient condition to determine 
the amplitude of oscillation. 
The plano-convex lens used had a focal length of 200mm. and pro-
duced closely spaced Newton rings. More satisfactory results could 
be obtained by utilizing a lens of 600 to 800mm. focal length. The 
major objection to the system was operator fatigue. After a short 
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be replaced by a photocell and provide equally satisfactory results. 
This would not have to be an expensive alteration if imagination were 
used. For example, allow the photocell to detect the fringes by allow-
ing the pattern to drift across its "field of view", then note the dis-
appearance by the absence of output from the photocell. 
The isolation mountings used provided isolation from surroundings, 
but could be improved with minor changes. The object of the large steel 
mass and soft springs is to provide a mount with a low natural frequency, 
which will filter all vibrations above its natural frequency almost com-
pletely. The shaker and interferometer should have separate mountings 
so that the shaker will not influence the interferometer. 
30 
IV. CONCLUSIONS & RECOMMENDATIONS 
The object of this thesis was to produce a stable, known, accelera-
tion to be used as a calibration standard. The shaker provided stable 
acceleration which may be calculated with a maximum error of +0.05%. 
This acceleration may be produced at five points in the interval of 
1,000 to 5,000 cycles per second. 
No suitable accelerometers were available for test calibrations. 
It should be noted that the test accelerometer would add mass to the 
shaker head and hence shift the resonant frequencies from those 
obtained. 
Certain changes may be made to improve the accuracy and ease of 
operation of the entire system. Improvements made to better the 
performance of the system should be kept as simple as possible to 
retain the accuracy of the method. 
31 
APPENDIX A 
The modified Michelson interferometer described in this thesis may 
be easily aligned by carefully following these steps: 
1) Allow the sodium vapor lamp approximately one hour to 
stabilize and attain maximum intensity. 
2) Lower the interferometer over the mirror on the shaker 
head until it touches, first adjusting the axis of the 
shaker to coincide with the optical axis of the inter-
ferometer. This is not a critical adjustment. 
3) Move the condenser lens assembly in or out to obtain an 
intense circle of light. By adjusting the beam splitter 
mirror, move the center of the circle of light to the 
center of the sight picture. 
4) Move the condenser lens assembly in or out until the 
entire field of view is uniformly illuminated. 
5) The focus is now adjusted by turning the knurled knob on 
the eyepiece until a sharp image is obtained of a scratch 
or other defect in the mirror, on the shaker head. 
6) Raise the interferometer a few thousands of an inch above 
the shaker head, still retaining the fringe pattern. 
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